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Introduction {#sec001}
============

The colorectal cancer (CRC) development is a complex multi-step process, which involves a gradual progression from adenomatous polyp to adenoma, and then to malignant carcinoma \[[@pone.0228010.ref001]\]. The colon adenoma-carcinoma sequence has been suggested to be accompanied with alterations of lipid profile(s) and/or lipid metabolism, which may contribute to tumor progression, as well as to cancer cell heterogeneity \[[@pone.0228010.ref002]\]. This deregulation of lipid metabolism can have a major impact on both structure and function of cellular membranes, as well as on the lipid metabolism in cancer cells. Lipid alterations may thus substantially affect tumor cells behavior, including their responses to both endogenous and exogenous factors regulating their survival and/or proliferation \[[@pone.0228010.ref003], [@pone.0228010.ref004]\].

Several studies have pointed to significant changes in fatty acid (FA) composition occurring in colon mucosa during cancer development, already three decades ago \[[@pone.0228010.ref005]--[@pone.0228010.ref007]\]. The differences between tumor and surrounding non-tumor tissues have been later confirmed by additional observations \[[@pone.0228010.ref008]--[@pone.0228010.ref012]\]. CRC patients also often exhibit abnormalities of FA profiles in blood samples \[[@pone.0228010.ref013], [@pone.0228010.ref014]\]. Moreover, an inverse association of serum n-3 polyunsaturated FAs (PUFAs) and a positive association of serum n-6 PUFAs with colorectal adenoma risk has been reported \[[@pone.0228010.ref015]\]. Therefore, CRC development seems to be associated with changes FA profiles both in tumor tissue and in patient's serum.

More recent studies have also indicated that increased levels of total phospholipids (PLs) and, in particular, of some specific PL classes/species could be associated with CRC development \[[@pone.0228010.ref016]\]. The biochemical changes involving changes in expression/activity of enzymes involved in PL synthesis, as well as an increased *de novo* lipogenesis have been shown to alter PL composition, and these might take place well in advance of morphological changes observed during tumorigenesis \[[@pone.0228010.ref017]\]. Interestingly, it has been also reported that distribution of some lipid species and lipid enzymes may form gradients along colon crypts, correlating either positively or negatively with the activity of Wnt/β-catenin signaling pathway and/or differentiation of colonocytes in normal colon mucosa. Importantly, this ordered distribution of lipid species/enzymes is deregulated in adenomatous polyps \[[@pone.0228010.ref018]\]. However, the association of specific types of PLs (or other lipids) with particular stages of CRC development, or their functional role(s) in CRC development remain largely unclear.

Recent developments in lipid analytical techniques (lipidomics) provide a unique opportunity for more sophisticated studies of the lipid alterations and their role in cancer development/therapy \[[@pone.0228010.ref002], [@pone.0228010.ref008], [@pone.0228010.ref019], [@pone.0228010.ref020]\]. However, more precise analyses of CRC lipidome will also require a better characterization of both CRC models and sample preparation. Here, colon epithelial cell lines derived from different stages of CRC development may serve as particularly useful models for investigation of molecular changes in individual lipids or lipid classes. They could be used e.g. for studies investigating possible associations of specific changes in lipid composition with modulation of proliferation, survival and differentiation of CRC cells, as well as for analyses of their responses to endogenous regulators, or to dietary and therapeutic agents \[[@pone.0228010.ref021], [@pone.0228010.ref022]\]. Some of the CRC-derived cell lines could also become valuable standards for evaluation of changes in lipidome in isolated CRC tumor cell populations. However, so far, CRC-derived cell lines have been mostly characterized with regard to their genomic alterations or specific mutations and epigenetic changes characteristic for tumor cells. We hypothesized that the results of lipidomic analyses may provide an additional level of characterization of both differences and similarities among CRC cell lines that are used in pre-clinical research. This may help to better correlate the data obtained using these cell lines, with the results acquired using isolated primary tumor cells or cells isolated from healthy colon tissue.

In the present study, we analyzed lipid composition of nine human colon epithelial cell lines derived from normal colon mucosa or from tumor tissue(s) at various stages of malignant transformation, with the aim to identify key lipid species, which would allow to discriminate among individual cell lines. We particularly focused on their PL profiles, as these have been recently shown to provide a suitable tool e.g. for discrimination between non-small cell lung cancer and normal lung tissue \[[@pone.0228010.ref023]\]. We then compared the obtained data with the results of evaluation of lipid composition of epithelial cells isolated from colon adenocarcinomas and adjacent non-tumor colon tissues of CRC patients. Our present results seem to suggest that permanent cell lines derived at different CRC stages can be successfully discriminated and clustered based on their PL profiles, and that, despite some limitations, they could represent useful standards for lipidomic analyses of patient-derived colon epithelial cells.

Material and methods {#sec002}
====================

Cell culture {#sec003}
------------

Human epithelial colon NCM460 cells (Incell, San Antonio, TX, USA), derived from normal colon mucosa, were cultured according to the company specifications, in M300F medium (Incell) supplemented with 10% fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and penicillin/streptomycin (50 mg/l; Serva Electrophoresis, Heidelberg, Germany). Human fetal colon FHC cells, obtained from American Tissue Type Collection (ATCC; cat. no. ATCC® CRL-1831^™^; Rockville, MD, USA), were cultured in a 1:1 mixture of Ham\'s F12 and DMEM (Sigma-Aldrich; Prague, Czech Republic), supplemented with HEPES (25 mM, Sigma-Aldrich), 10% FBS, cholera toxin (10 ng/ml; Calbiochem-Novabiochem Corporation; La Jolla, CA, USA), insulin (0.005 mg/ml, Sigma-Aldrich, Prague, Czech Republic), transferrin (0.005 mg/ml, Sigma-Aldrich) and hydrocortisone (1 mg/ml; Sigma-Aldrich). Human adenocarcinoma cell lines, HT-29 (ATCC® HTB-38^™^), HCT-116 (ATCC® CCL-247^™^), SW480 (ATCC® CCL-228^™^) and corresponding lymph node metastatic SW620 (ATCC® CCL-227^™^) cell line, were cultured in McCoy\'s 5A medium (Sigma-Aldrich), supplemented with 10% FBS and penicillin/streptomycin (50 mg/l). Human colon adenoma AA/C1 \[[@pone.0228010.ref024]\], AA/C1/SB10 \[[@pone.0228010.ref024]\] and RG/C2 \[[@pone.0228010.ref025]\] cell lines were kindly provided by prof. C. Paraskeva (School of Cellular and Molecular Medicine, University of Bristol, UK). AA/C1/SB10 cell line has been established by viral *in vitro* transformation of AA/C1 cells \[[@pone.0228010.ref024]\]. All adenoma-derived cell lines were cultured in DMEM supplemented with 10% FBS, penicillin/streptomycin (50 mg/l), insulin (0.008 mg/ml) and hydrocortisone (1 mg/ml). Cells were routinely passaged twice a week and maintained at standard cultivation conditions (37°C; 5% CO~2~; 95% humidity). All cell lines were routinely checked for *Mycoplasma* infection.

Preparation of samples for lipid analyses from cell lines {#sec004}
---------------------------------------------------------

Cells were seeded (2×10^4^ cells per cm^2^) in cell culture dishes (TPP, Trasadigen, Switzerland). Upon reaching sub-confluency, cells were harvested and counted using Coulter Counter model ZM (Beckman Coulter, Fullerton, CA, USA). For each cell line, 8×10^6^ cells were frozen in 1 ml methanol (at -20°C) in glass tubes for lipid analyses. The tubes were previously degreased by sulfuric acid and washed with ethanol.

Tumor tissue specimens {#sec005}
----------------------

Fresh tumor tissues were harvested during the elective scheduled tumor removal surgery; healthy autologous tissue removed alongside the tumor was used as a non-tumor control. All tumors were generally characterized as primary moderately differentiated adenocarcinomas. All human samples were obtained at the Department of Surgery of the University Hospital Brno (Brno, Czech Republic), based on informed consent signed by patients. The study was approved by the Ethical Committee of the University Hospital Brno and all experimental procedures were in compliance with the Declaration of Helsinki, as well as with the law of the Czech Republic.

Isolation of epithelial cells from tumors and normal colon mucosa {#sec006}
-----------------------------------------------------------------

The surgically removed tissue was c[ut](http://slovnik.seznam.cz/en-cz/?q=cut) [to](http://slovnik.seznam.cz/en-cz/?q=to) smaller pieces with scissors under sterile conditions, and then incubated for 15 min at room temperature (RT) in dithiothreitol: Hank´s balanced salt solution (HBSS) (Biosera, Nuaille, France) mix (1:9 v/v), in order to remove potential contamination. Samples were then washed with HBSS (37°C), centrifuged (200g; 5 min) and digested in culture medium and TM liberase (\#05401119001, Roche, Prague, Czech Republic) at 37°C for 2 h. The culture medium RPMI 1640 (\#51800--035, Gibco) contained HEPES, antibiotic/antimycotic mix (\#15240--062, Gibco), NaHCO~3,~ insulin, hydrocortisone and 5% FBS. After incubation, the rest of digested tissue was filtered through 50 μm filter, washed with culture medium and 20% FBS, centrifuged (200g; 5min), and finally washed with HBSS (37°C). Contaminating erythrocytes were lysed for 5 min on ice in a lysis solution (155 mM NH~4~Cl, 10 mM KHCO~3,~ 0.1 mM EDTA, ultra-pure water), and then washed with HBSS. Cell pellet was then re-suspended in a mixture of 300 μl of cold MACS buffer (PBS, 0.5% FBS, 2 mM EDTA), 100 μl FcR reagent (\#130-059-901, Miltenyi Biotec, Trenčín, Slovakia), for blocking of non-specific binding of the antibody, and 100 μl magnetic beads conjugated with the EpCAM (epithelial cell adhesion molecule) antibody (\#130-061-101, Miltenyi Biotec). This mixture was incubated for 30 min at 4°C in the dark, and then washed again with MACS buffer. The re-suspended cell pellet was then loaded onto magnetic column. Epithelial cells bound to magnetic beads were captured in the magnetic column and then displaced with a piston. Isolated epithelial cells were counted using Coulter Counter model ZM (Beckman Coulter, Fullerton, CA, USA) and stored in 1 ml of methanol at -20°C until further analyses.

Lipid extraction and analyses {#sec007}
-----------------------------

Cell pellets were thawed and transferred from Eppendorf tube into degreased glass tubes (100 x 10 mm) using 3 x 0.5 ml of methanol. After each addition of methanol, cell pellet was homogenized by sonication in a water bath. Following this procedure, 0.75 ml of chloroform and 0.3 ml of water were added into tube; its content was dispersed using a probe sonicator and extraction process continued at RT overnight. The monophase extraction system was dried by nitrogen at room temperature. For reconstitution of lipids, 0.3 ml of solvent mixture (methanol/chloroform 1/1 vol. %) was used. This concentrated extract was then used for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of lipids, performed using Agilent 1200 high performance liquid chromatography (HPLC) System (Agilent, Santa Clara, CA, USA) and mass spectrometer TripleQuad 6410, equipped with electrospray ionization (ESI) and atmospheric pressure photoionization (APPI), respectively (Agilent). Methanol, chloroform, acetonitril, hexane, isopropanol, formic acid, ammonium formate were purchased from Sigma-Aldrich; HPLC columns Supelcosil LC SI--(250 mm x 2.1 mm; 3 μm), Supelcosil LC DIOL (250 mm x 3 mm; 5 μm) were used for lipid separation.

Liquid chromatography separation conditions {#sec008}
-------------------------------------------

Phospholipid classes were separated by normal-phase HPLC using methanol-acetonitril-water gradient mobile phases and detected by tandem mass spectrometry with ESI. Non-polar lipid classes were separated by normal-phase HPLC using hexane-isopropanol gradient mobile phases and detected by mass spectrometry with APPI.

Tandem mass spectrometry conditions {#sec009}
-----------------------------------

*Phospholipids*: ESI ionization was set in positive mode, drying nitrogen flow at 10 l/min, and fragmentor voltage and collision energy voltage were optimized for each lipid class. Neutral loss scan mode and precursor ion scan mode, respectively, were used for specific detection of respective lipid classes: precursor scan at m/z 184 for phosphatidylcholines (PC); neutral loss scan at m/z 115 for phosphatidic acids, at m/z 141 for phosphatidylethanolamines (PE), at m/z 185 for phosphatidylserines (PS), and at m/z 277 for phosphatidylinositols (PI).

*Triacylglycerols (TAGs) and cholesteryl-esters (CholE)*: APPI ionization was set in positive mode, drying nitrogen flow at 11 l/min, and fragmentor voltage was optimized for each lipid class. Detection by full scan mode were used for detection of fully separated lipid classes.

Data acquisition and evaluation {#sec010}
-------------------------------

MassHunter software (Agilent) was used for evaluation of mass spectra of all lipid classes. Peak areas of individual *m/z* species were then assigned and calculated. Levels of individual lipid species were based on their corresponding chromatographic peak areas. Results were normalized to cell numbers (per one million of cells). For this comparative method, the volume of cell extract and analyzed aliquot (i.e. injection volume) were maintained the same for all samples.

Statistical analyses {#sec011}
--------------------

Each PL species (represented by peak area) has specific molecular weight (MW), number of carbons (C) and number of double bonds (DB). We first verified acceptable experimental variability as the repeatability of the estimates of the content of lipid compounds in analyzed cell lines. All analyses were based on original peak area values (direct outcome from chromatograms) or on transformed peak area values (log-scale), reflecting the content of individual lipid compounds (represented by specific molecular weight species). All compared individual lipid compounds ([S1 Fig](#pone.0228010.s001){ref-type="supplementary-material"}) as well as their profiles represented by specific molecular weight (MW) species ([S1 Fig](#pone.0228010.s001){ref-type="supplementary-material"}) exhibited very low variability among estimates measured in three independent experiments. Analysis of variance (performed on log-scaled peak areas, see [S1 Table](#pone.0228010.s005){ref-type="supplementary-material"}) confirmed effective normalization of the peak data based on logarithmic transformation.

The results are shown for all PL classes separately, since peak areas here represent unstandardized amount across different PL classes; nevertheless, the values were fully comparable within a given PL class. In order to better display and compare amount of all PL species, peak areas in particular classes were transformed to percentiles and heat maps were built. All percentiles of amount of PL including median (i.e. 50^th^ percentile) were in the same color in all PL classes. The most discriminating species were selected using ANOVA and Tukey post-hoc test.

In case of epithelial cells isolated from patient' s tumor (T) and non-tumor (N) tissues, the heat maps show tumor/non-tumor (T/N) cell ratio (expressed as LOG) for different PL species. Clustering using Wards method on matrix of Euclidean distances was adopted for the description of similarity of lines according to peak areas.

Principal component analysis (PCA) followed by a varimax rotation was applied for the dimension reduction and the visual description of relationship among cell lines. Position of the cell lines in the space of lipid species was computed based on their log peak values in given cell lines and lipid class. The principal components are linear combinations of the original variables (log peak areas) weighted by their contribution to explaining the variance in a particular orthogonal dimension. Principal components with eigenvalue \> 1 were selected and visualized for each lipid class. PCA was performed using IBM SPSS Statistics 23 (IBM Corporation) and Statistical Software R (version 3.4.2).

Results {#sec012}
=======

Phospholipidomic analyses of established colon cell lines {#sec013}
---------------------------------------------------------

We first evaluated the content and profiles of individual PL classes, TAGs and CholE in nine human colon epithelial cell lines derived both from normal colon mucosa and from colon tumors at distinct stages of colon cancer development. These included: NCM460 cells, derived from normal adult colon mucosa; FHC cells derived from normal fetal human colon; cell lines derived from colon adenoma, RG/C2 and AA/C1 cells, as well as *in vitro* transformed variant of AA/C1 cell line, AA/C1/SB10 cells; and cell lines derived from colon adenocarcinoma---HT-29, HCT-116, SW480, as well as SW620 cell line, which has been derived from a lymph node metastasis of the same patient as SW480 cell line. A detailed description of all cell lines used in the present study is provided in [Table 1](#pone.0228010.t001){ref-type="table"}.

10.1371/journal.pone.0228010.t001

###### The origin of human colon epithelial cell lines used in the present study and their mutation status of cancer critical genes.

![](pone.0228010.t001){#pone.0228010.t001g}

  Cell line          NCM460                                                                                        FHC                                        AA/C1                                                                                  RG/C2                                                     AA/C1/SB10                                                  HT-29                                            HCT-116                                   SW480                                      SW620
  ------------------ --------------------------------------------------------------------------------------------- ------------------------------------------ -------------------------------------------------------------------------------------- --------------------------------------------------------- ----------------------------------------------------------- ------------------------------------------------ ----------------------------------------- ------------------------------------------ ------------------------------------------
  **Type**           normal colon mucosa                                                                           fetal colon mucosa                         adenoma                                                                                adenoma                                                   adenoma                                                     adenocarcinoma                                   adenocarcinoma                            adenocarcinoma                             metastasis
  **Tumorigenic**    no                                                                                            yes                                        no                                                                                     no                                                        yes                                                         yes                                              yes                                       yes                                        yes
  **Source; Note**   adult, M;                                                                                     human fetus; 13 weeks gestation stage      adult, M; clonogenic variant of PC/AA cell line from descending colon of FAP patient   adult, F; sporadic tubular adenoma of the sigmoid colon   adult, F; in vitro-transformed variant of AA/C1 cell line   adult, F;                                        adult, M;                                 adult, M;                                  adult, M; lymph node metastasis
  **Ploidy**         express certain genetic abnormalities (<https://www.incell.com/product/ncm460d-cell-line/>)   hypo-triploid \[[@pone.0228010.ref026]\]   aneuploid \[[@pone.0228010.ref024]\]                                                   polyploid \[[@pone.0228010.ref027]\]                      aneuploid \[[@pone.0228010.ref024]\]                        hyper-triploid \[[@pone.0228010.ref028]\]        near-diploid \[[@pone.0228010.ref028]\]   hyper-diploid \[[@pone.0228010.ref028]\]   hyper-diploid \[[@pone.0228010.ref028]\]
  **p53**            wt \[[@pone.0228010.ref029]\]                                                                 mutated \[[@pone.0228010.ref026]\]         wt \[[@pone.0228010.ref030]\]                                                                                                                    wt \[[@pone.0228010.ref030]\]                               mutated \[[@pone.0228010.ref031]\]               wt \[[@pone.0228010.ref031]\]             mutated \[[@pone.0228010.ref031]\]         mutated \[[@pone.0228010.ref031]\]
  **APC**            **?**                                                                                         **?**                                      mutated (truncated) \[[@pone.0228010.ref030]\]                                         wt \[[@pone.0228010.ref032]\]                             **?**                                                       mutated (truncated) \[[@pone.0228010.ref033]\]   wt \[[@pone.0228010.ref033]\]             mutated \[[@pone.0228010.ref033]\]         mutated \[[@pone.0228010.ref034]\]
  **KRAS**           **?**                                                                                         **?**                                      mutated \[[@pone.0228010.ref030]\]                                                     wt \[[@pone.0228010.ref035]\]                             **?**                                                       wt \[[@pone.0228010.ref031]\]                    mutated \[[@pone.0228010.ref031]\]        mutated \[[@pone.0228010.ref031]\]         mutated \[[@pone.0228010.ref031]\]
  **BRAF**           wt \[[@pone.0228010.ref036]\]                                                                 **?**                                      **?**                                                                                  wt \[[@pone.0228010.ref035]\]                             **?**                                                       mutated \[[@pone.0228010.ref031]\]               wt \[[@pone.0228010.ref031]\]             wt \[[@pone.0228010.ref031]\]              wt \[[@pone.0228010.ref031]\]
  **PIK3CA**         **?**                                                                                         **?**                                      **?**                                                                                  wt \[[@pone.0228010.ref035]\]                             **?**                                                       mutated \[[@pone.0228010.ref031]\]               mutated \[[@pone.0228010.ref031]\]        wt \[[@pone.0228010.ref031]\]              wt \[[@pone.0228010.ref031]\]
  **PTEN**           **?**                                                                                         **-**                                      **?**                                                                                  wt \[[@pone.0228010.ref035]\]                             **?**                                                       wt \[[@pone.0228010.ref031]\]                    wt \[[@pone.0228010.ref031]\]             wt \[[@pone.0228010.ref031]\]              wt \[[@pone.0228010.ref031]\]

Abbreviations: APC, adenomatous polyposis coli; F, female; M, male; wt, wild type; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha; PTEN, phosphatase and tensin homolog; ?, not known

All lipid analyses were based on peak area values (directly derived from chromatograms) reflecting the content of individual lipid compounds (represented by specific molecular weight---MW species). A wide range of MW species was detected within each PL class in each cell line. Here, our analyses aimed to identify those MW species with specific discrimination properties in particular classes. The cumulative peak areas (primary data) according to lipid species MWs and number of DB within individual PL classes, as well as neutral lipids, are shown in [S2](#pone.0228010.s002){ref-type="supplementary-material"} and [S3](#pone.0228010.s003){ref-type="supplementary-material"} Figs, respectively. MW was the main covariate of the total PL content in all the cell lines; the biggest differences in PC, PE and PS amount among the cell lines were generated by the content of species with MW in the range 680--830. The species with MWs higher than 830 did not seem to further contribute to overall differences. In contrast to other PLs, the most discriminating PI species were those with MW \> 830 ([S2 Fig](#pone.0228010.s002){ref-type="supplementary-material"}). Regarding the neutral lipids, the most discriminating TAGs were species with MW 800--850; for CholE this occurred at lower MWs, between MW 600 and 650 ([S3 Fig](#pone.0228010.s003){ref-type="supplementary-material"}). Increment in number of DB did not significantly influence changes in the total amount of PC, PE and PS classes--their content in all compared cell lines mostly increased due to contribution of PL compounds with low degree of saturation, i.e. with 1 and 2 DB, which was similar also for TAGs and CholE. In case of PIs, PI species with higher numbers of DB (2--5) were found to contribute significantly to the total PI content.

We then focused on a more detailed evaluation of individual PL classes profiles (individual MW species). A summary of suggested FA patterns in all evaluated PL species is presented in [S2 Table](#pone.0228010.s006){ref-type="supplementary-material"}, indicating number of carbons (C) and DB. The data were further subjected to cluster analysis ([Fig 1](#pone.0228010.g001){ref-type="fig"}) as well as PCA **(**[Fig 2](#pone.0228010.g002){ref-type="fig"}**)**. Contributions of specific lipid MW species are graphically depicted in form of heat maps ([Fig 1](#pone.0228010.g001){ref-type="fig"}**)**, where color intensity matches a relative contribution of a given species to the particular PL class content. Here, we were able to identify PL species with the highest discrimination power (i.e. with the largest differences observed among the cell lines), that are marked in red in [Fig 1](#pone.0228010.g001){ref-type="fig"}. Importantly, the cluster analysis of distribution of PI and PS species in individual cell lines grouped together cell lines derived from normal colon mucosa (NCM460, FHC) or from adenoma or a less advanced tumor (AA/C1 and HT-29) vs. cells derived from adenocarcinomas or transformed AA/C1 variant (SW480, SW620, AA/C1/SB10). Adenocarcinoma HCT-116 cells (which segregated together with adenoma RG/C2 cells) seemed to be closer to the first group. In contrast, the clustering of cell lines based on PE and PC analyses did not reveal such a clear relationship among cell lines.

![Similarity of cell lines based on the amount of specific PL species.\
Peak areas summarized according to lipid species MWs (shown above) as percentiles in each PL class. Carbon and DB numbers for respective MW species are shown in parentheses. Cell lines were grouped based on the results of cluster analysis (left). The color intensity reflects the abundance of the respective PL species in cell line (see the color key in the Figure). PLs with the largest differences among cell lines (the most discriminating) are highlighted in red frames.](pone.0228010.g001){#pone.0228010.g001}

![Principal component analysis (PCA) of PL species amount in colon cell lines.\
Phosphatidylcholine (PC): The first component (F1) is strongly correlated with species 36:3 (MW 783.7) and other 6 species with MW \> 800 (see [Fig 3](#pone.0228010.g003){ref-type="fig"}), i.e. the first principal component increases with increasing species with 3 or more DBs. This suggests that these species exhibit a common trend--if one increases, then the remaining ones tend to increase as well. The component F2 is correlated with species with MW \<733. The component F3 correlates with species 34:1, 36:2 and 36:1. These three components explain 93.6% variation of the PC data in total. Phosphatidyletanolamine (PE): The first component is strongly correlated with species with MW \<720, 747.6 and 829.7 and explains almost 80% variation of the data. F2 correlates with species with ≥3 DBs and F3 with species 771.6 (38:2) and 799.6 (40:2). Phosphatidylinositol (PI): Three components explain \>90% variation of the data; all examined PI species are strongly correlated with one of these 3 components. Species with 3 or more DBs correlates with F1; species with MW\<865 and with 1 or 2 DBs are included in F2, whereas F3 is strongly correlated with remaining 38:2 species (MW 876.6 and 890.7). Phosphatidylserine (PS): F1 correlates with low MW species (\<780), F2 correlates with higher MW species (≥815) and F3 with middle MW species, especially PS 38:4 and 38:5. For more details and potential FA composition of individual MW species, see [S2 Table](#pone.0228010.s006){ref-type="supplementary-material"}.](pone.0228010.g002){#pone.0228010.g002}

PCA in [Fig 2](#pone.0228010.g002){ref-type="fig"} describes the data in a fewer variables (principal components different for particular PL class and specified in the legend), which correspond to original values (log peak areas of all species). In PCA, AA/C1 and HT-29 cell lines segregated together for all PLs. NCM460 and FHC cell lines, both derived from normal tissues, had similar PE and PS profiles (content of individual species), but distinct PC and PI profiles. In addition, when we performed PCA for PE and PS species, both cell lines (NCM460, FHC) were closer to AA/C1 and HT-29 cell lines (derived from adenoma or less advanced carcinoma). This trend was less obvious in case of PC and PI species. The results of PCA confirmed that transformed variant of adenoma cells (AA/C1/SB10) is clearly distinct from parental cells (AA/C1), regarding their PL species content. SW620 and SW480 lines mostly segregated together in PCA, especially in case of PC and PI species, which may reflect their common origin. Similar to the results of cluster analysis, carcinoma HCT-116 cell line seemed closer to RG/C2 adenoma cell line, regarding to their PS or PE content. Together, the results of both cluster analysis and PCA seem to indicate that full PL (in particular PS) profiles may help to discriminate between cell lines derived either from normal colon mucosa and/or less advanced colon cancer stages on one side vs. advanced colon adenocarcinomas on the other side.

PL profiling of primary epithelial cells isolated from colon tumors and from corresponding normal colon tissues {#sec014}
---------------------------------------------------------------------------------------------------------------

The same analytical approach, which was used for colon cell lines, was then applied for analysis of PL content of epithelial cells isolated from tumor (T) and adjacent non-tumor (N) tissues from eight CRC patients. The heat maps, based on the T/N ratio values for individual lipid MW species of PC, PI, PE or PS classes, are presented in [Fig 3](#pone.0228010.g003){ref-type="fig"}. In general, the PL content was higher in tumor than in non-tumor cells. However, significant differences were observed in the content of individual PL species within all PL classes, when comparing tumor and non-tumor cells. Here, several trends were discernible. [Table 2](#pone.0228010.t002){ref-type="table"} summarizes PL species with the most significant differences between tumor and non-tumor cells (average values of 8 patients), including the information on their hypothetical FA composition. In general, these PL species were mostly significantly higher in tumor cells (marked in bold); nevertheless, a few PL species were more abundant in non-tumor cells (namely, PC 741.8, PE 753.5, PI 834.5 and PS 759.5). The most discriminating PC species (eight) included both lower MW species (MW 705.8--741.8), containing short saturated and/or mono-unsaturated FA chains (C 30--34, 0--2 DB), and higher MW species (809.8--835.8) containing longer and more unsaturated FA chains (C 38--40, 3--6 DB). In PE profile, four discriminating higher MW species with longer-chain FAs (C 38--40, 4--5 DB) were identified. We found only one PI species (MW 890.5, C 38, 2 DB) to be significantly increased in tumor cells. Finally, in the PS profile, there were six significantly discriminating species--mostly with higher MWs (813.5--873.5), containing longer-chain unsaturated FAs (C 38--42, 1--6 DB).

![Tumor/non-tumor (T/N) ratios of specific PL species in patient-derived primary epithelial cells.\
T/N ratio of chromatogram peak areas summarized according to MWs of lipid species (log transformation) in CRC patients (n = 8). Carbon and DB numbers are shown in parentheses. White color (zero value)---no difference between peak areas (= lipid amount) in tumor and non-tumor cells of the patient. Values lower than zero (red color)---lower amount of the respective PL species in tumor cells as compared with non-tumor cells. Values higher than zero (grey color)---higher amount of the respective PL species in tumor cells as compared with non-tumor cells. PL species with significant difference between tumor and non-tumor cells (the most discriminating) are highlighted in black frames (paired *t*-test).](pone.0228010.g003){#pone.0228010.g003}

10.1371/journal.pone.0228010.t002

###### Summary of different mean peak areas between tumor (T) and non-tumor (N) cells (the most discriminating species).

![](pone.0228010.t002){#pone.0228010.t002g}

  MW          T/N ratio Mean (95% CI)   p-value[\*](#t002fn002){ref-type="table-fn"}   FA pattern                                                  
  ----------- ------------------------- ---------------------------------------------- --------------------- -------------------- ---------------- ----------------
  **PC**                                                                                                                                           
  **705.7**   **2.97 (1.47--6.03)**     **0.019**                                      **12:0//18:0**        **14:0//16:0**                        
  **717.7**   **2.83 (1.5--5.34)**      **0.015**                                      **14:0(pla)//18:1**   **16:0(pla)/16:1**                    
  **719.7**   **2.49 (1.25--4.96)**     **0.036**                                      **14:0(pla)//18:0**   **16:0(pla)/16:0**                    
  **729.8**   **1.71 (1.1--2.64)**      **0.047**                                      **14:0//18:2**        **16:1//16:1**                        
  **731.7**   **2.93 (1.47--5.85)**     **0.019**                                      **14:0//18:1**        **16:0//16:1**                        
  **733.7**   **1.72 (1.19--2.47)**     **0.022**                                      **14:0//18:0**        **16:0//16:0**                        
  741.8       0.5 (0.37--0.69)          0.004                                          14:0(pla)//20:3       16(pla)//18:3                         
  **809.8**   **1.6 (1.11--2.3)**       **0.039**                                      **18:0//20:4**        **18:3//20:1**       **18:2//20:2**   **18:1//20:3**
  **811.8**   **1.78 (1.2--2.64)**      **0.024**                                      **20:1//18:2**        **20:0//18:3**       **20:3//18:0**   
  **833.8**   **1.76 (1.19--2.6)**      **0.026**                                      **20:3//20:3**        **20:4//20:2**       **20:5//20:1**   
  **835.8**   **1.79 (1.24--2.59)**     **0.017**                                      **20:1//20:4**        **20:2//20:3**       **20:0//20:5**   
  **PE**                                                                                                                                           
  753.5       0.57 (0.34--0.95)         0.067                                          14(ple)//24:3         16(ple)//22:3        18(ple)//20:3    
  **767.5**   **1.84 (1.3--2.61)**      **0.011**                                      **20:4//18:0**        **20:1//18:3**       **20:3//18:1**   
  **791.6**   **2.28 (1.47--3.54)**     **0.008**                                      **20:3//20:3**                                              
  **793.5**   **2.24 (1.32--3.8)**      **0.021**                                      **20:1//20:4**        **20:0//20:5**       **18:0//22:5**   
  **PI**                                                                                                                                           
  834.5       0.56 (0.35--0.89)         0.043                                          16:0//18:2            16:1//18:0                            
  **890.7**   **1.78 (1.12--2.83)**     **0.046**                                      **18:0//20:2**        **18:1//20:1**       **18:2//20:0**   **16:0//22:2**
  **PS**                                                                                                                                           
  759.5       0.53 (0.34--0.82)         0.026                                          16:0//18:2            16:1//18:1                            
  **813.5**   **2.89 (1.65--5.06)**     **0.008**                                      **20:1//18:2**        **20:0//18:3**       **20:3//18:0**   
  **815.6**   **1.88 (1.12--3.16)**     **0.049**                                      **20:2//18:0**        **20:1//18:1**       **22:1//16:1**   **22:2//16:0**
  **835.6**   **1.93 (1.13--3.28)**     **0.046**                                      **20:3//20:3**        **22:6//18:0**       **22:5//18:1**   
  **837.6**   **1.79 (1.18--2.72)**     **0.029**                                      **20:1//20:4**        **22:5//18:0**       **22:4//18:1**   
  **873.7**   **1.57 (1.09--2.28)**     **0.048**                                      **22:1//20:0**        **22:0//20:1**       **24:0//18:1**   **24:1//18:0**

MW, molecular weight; CI, confidence interval of mean; significantly up-regulated species in tumor cells are shown in bold

\* paired t-test, p-values were not corrected for multiple comparison

Comparison of PL profiles between primary epithelial cells and colon cell lines {#sec015}
-------------------------------------------------------------------------------

Based on the above results, we then compared individual PL class composition (PL profiles) that were determined in patient's non-tumor and tumor cells, with PL profiles of model cell lines derived from normal colon mucosa (NCM460 cells) and malignant adenocarcinoma (HCT-116 cells). HCT-116 cell line was selected for this comparison, because it is a widely used colon carcinoma model, with a number of available transgenic variants, which is capable to form tumors and metastases *in vivo* with a high efficiency \[[@pone.0228010.ref037]\]. Relative distribution (where the sum of all shown MW species represents total content of given PL class, i.e. 100%) of specific PL species within PC, PI, PE and PS classes, which were identified both in the two analyzed cell lines and in primary cells from patients, is summarized in [Fig 4](#pone.0228010.g004){ref-type="fig"}. The same analysis was then also performed with another adenocarcinoma model, SW480 cells, and its results were largely similar ([S4 Fig](#pone.0228010.s004){ref-type="supplementary-material"}). In general, distribution of these PL species in colon cell lines seemed to correspond well with their profiles in primary epithelial cells. The most abundant PL species in patient-derived samples were also the most abundant ones in the colon-derived cell lines. Nevertheless, a similar overrepresentation of PL species in tumor vs. non-tumor cells, as in adenocarcinoma vs. normal mucosa-derived cell line, could only be observed for some PL species. These included: PC (MW 705.7 and 733.7), PI (MW 890.7) and most notably, several PS species (MW 815.6, 837.6, 845.6 and 873.7). In addition, a common down-regulation was observed for PS species with MW 759.6 and 761.6, and this was found also for some other less discriminating species not listed in [Table 2](#pone.0228010.t002){ref-type="table"}. Nevertheless, it should be also noted that for some species, opposite trends could be also observed, e.g. for PC with MW 731.7 (its levels were higher in NCM460 cells than in HCT-116 or in SW480 cells, while the same species increased in tumor cells as compared with adjacent non-tumor cells), PI MW 862.6 (decreased in tumor cells but found at similar quantities both in NCM460 cells and in CRC cell lines), or PS MW 787.6 (higher in primary tumor cells, but lower in CRC cells lines). Together, these data confirmed that overall PL profiles are similar between primary cells and cultured cell lines; however, some individual PL species could be differentially regulated in primary cells as compared with CRC-derived or immortalized colon epithelial cells.

![Comparison of PL profiles between patient-derived primary cells and NCM460/ HCT-116 cell lines.\
Relative distribution (i.e. sum of all shown MW species gives 100%) of specific PL species in non-tumor and tumor primary epithelial cells (mean value, n = 8) as well as non-tumor (NCM460) and tumor (HCT-116) derived cell lines. Carbon and DB numbers are shown in parentheses. Only PL species, which were above detection limit both in patient's samples and in cell lines are shown here.](pone.0228010.g004){#pone.0228010.g004}

Discussion {#sec016}
==========

An altered lipid composition can have a major impact on survival, proliferation or communication of tumor cells, due to the multiple roles of lipids in cellular signaling, build-up of cell membranes or in cell-to-cell interactions \[[@pone.0228010.ref020], [@pone.0228010.ref038]\]. CRC development has been shown to be associated with a number of lipid alterations (reviewed in \[[@pone.0228010.ref039]\]), including increasing amounts of some PLs in transformed cells \[[@pone.0228010.ref040]--[@pone.0228010.ref042]\]. For example, Li *et al*. established correlations of increased PI and PC with CRC genesis, as well as the relationship between increased PE and hepatic metastasis in colorectal carcinoma \[[@pone.0228010.ref043]\]. Nevertheless, a detailed evaluation of changes of individual PL species during CRC development, in particular in cell lines isolated at distinct stages of colon adenoma--adenocarcinoma sequence, is still largely missing, although these cell lines may represent valuable tools for development of an improved CRC diagnostics and therapy. Recent advances of PL profiling in other cancer types \[[@pone.0228010.ref023], [@pone.0228010.ref044]\] have led us to examine in a detail PL profiles of a battery of cell lines derived from normal colon mucosa and from various colon adenoma/adenocarcinoma cells. We then continued to analyze individual PL profiles in primary cells isolated from normal and tumor tissue of CRC patients. Currently, most of the available data on differences between PL content in tumor and non-tumor tissues is based on studies evaluating lipid content in whole tumors. However, these samples may contain also significant quantities of immune cells, endothelial cells or other cancer-associated cells, such as fibroblasts, and the results of these analyses may thus not always properly reflect PL profiles of tumor epithelial cells. Hence, in the present study, we used epithelial cells isolated directly from dissociated tumors and from the respective adjacent non-tumor colon tissues of CRC patients, based on their surface EpCAM (CD326) antigen expression \[[@pone.0228010.ref045]\].

The results of this study seem to suggest that the commonly used human colon epithelial cell models can be discriminated based on their PL (in particular PS and PI) profiles. A detailed analyses of individual MW species within given both PS and PI classes revealed that cell lines can be segregated together in an order corresponding with their origin, i.e. into cells originally derived from normal colon tissue (NCM460, FHC), from colon adenoma or less advanced differentiating adenocarcinoma cells (AA/C1, HT-29) on one side, and, into cells obtained by *in vitro* transformation of adenoma cells and/or advanced colon adenocarcinoma cells (HCT-116, AA/C1/SB10, SW480, SW620) on the other side. A notable exception among the studied cell lines was RG/C2 cell line that has been originally derived from adenoma cells and which co-segregated with adenocarcinoma HCT-116 cells. However, this adenoma cell line has been previously shown to exhibit a relatively high malignant potential \[[@pone.0228010.ref025]\], unlike other adenoma-derived cell lines, thus suggesting that its PL profile could indeed be closer to non-differentiating adenocarcinoma HCT-116 cells, than to AA/C1 or HT-29 cell models. This observation appears to be supported also by the results of PCA analysis, where both RG/C2 and AA/C1/SB10 cells were separated from other cell lines. Overall, the present data seem to imply that changes in PI and PS profiles can be expected to reflect the degree of transformation of CRC cells. Although PI and PS are less abundant than PC or PE, they could play important signaling or regulatory roles in cells. Full PI and PS profiles appeared to be a key to the cell line discrimination, while FA composition of discriminating MW species appeared to be specific for individual PL classes, as shown in [Table 2](#pone.0228010.t002){ref-type="table"}. Nevertheless, the changes were not limited to PS and PI classes, as we have observed also significant alterations of other PL species.

Significant differences in the abundance of lipid species have been found to be associated not only with formation of primary tumors, but also with further cancer progression and formation of metastases. For example, increased plasmanylcholine and TAG levels and decreased plasmenyl-ethanolamine lipids have been observed in metastatic SW620 cells, as compared to the primary colon cancer SW480 cell line \[[@pone.0228010.ref046]\]. In the present study, we found significantly increased CholE and TAG levels in SW620 cells as compared with SW480 cell line. This is in line with the evidence suggesting that the upregulation of cholesterol synthesis in metastatic cells alters signaling functions of lipid rafts, and that it is a part of general changes in lipid metabolism, including also FA synthesis, transport, or their oxidation \[[@pone.0228010.ref047]\]. In contrast, we observed that both SW480 and SW620 cells were rather similar in terms of their PL profiles, as suggested by PCA. However, specific PL profiles, as well as accumulation of some PL species (in particular PS, PI and PE) have been proposed to be linked with metastatic potential and aggressiveness of tumor cells in other cancer types, including breast cancer or melanomas, or to increase directly in metastatic cells \[[@pone.0228010.ref044], [@pone.0228010.ref048]--[@pone.0228010.ref051]\]. This would suggest that, in addition to general alterations of lipid metabolism, PL can be expected to increase also in colon cancer metastases. Here, we observed only minor differences between SW480 and SW620 cells in the present study, in terms of their PL profiles; however, our analysis here was limited to only one primary tumor-metastasis pair of isogenic cell lines, only minor observed differences could be in part cell-specific. Also, production of PLs might be different under *in vivo* conditions. For example, it can be expected that *in vivo*, colon cancer metastatic cells could also increase FA import from metastatic niche and consequently also PL production, e.g. through CD36 FA transporter up-regulation \[[@pone.0228010.ref047]\]. PL profiling of colon cancer-derived metastatic cells thus certainly deserves more attention, as it may contribute to our understanding of these highly aggressive tumor cells.

Regarding the mechanisms responsible for the observed alterations of PL profiles, several hypotheses have been proposed. Recently, the differences in lipid profiles and key lipid metabolism enzymes have been compared between DNA mismatch repair-proficient and -deficient colon cell lines. In mismatch repair-proficient cell lines (SW480, SW620, HT-29, NCM460), higher levels of PC (16:0/18:1) and phosphatidic acid (18:0/18:0) were detected, as compared with mismatch repair-deficient cell lines (HCT-116, DLD1, LoVo, HCT15) \[[@pone.0228010.ref052]\]. Nevertheless, it cannot be excluded that distinct PL profiles could be, at least in part, linked to the ability of colon epithelial cells to differentiate. Specific PL species seem to be tightly regulated during differentiation of colon cells, which plays a key role in maintenance of the colon crypt homeostasis. Recently, it has been reported that the turnover of arachidonic acid-containing PL species (mainly PI), is a highly synchronized event during colonocyte differentiation, and that the gradient of lipids and enzymes involved in lipid mobilization, which is observed in healthy colon crypts, seems to be largely lost in adenomatous polyps, representing the first step in CRC development \[[@pone.0228010.ref018]\]. Changes in PL profiles were also observed during cell differentiation of breast or kidney cells \[[@pone.0228010.ref038], [@pone.0228010.ref053]\]. Therefore, distinct PL profiles observed between non-differentiating adenocarcinoma-derived cell lines and other colon-derived cell models may also reflect disruption of proliferation/differentiation balance, and this might have consequences both for transformation of colon epithelial cells and their responses to dietary factors or treatment \[[@pone.0228010.ref054]\].

Our subsequent analyses of isolated primary colon epithelial cells isolated from CRC patients, detected higher levels of PLs of all classes in tumor than in non-tumor samples. This was most evident for PC, the principal PL component of cell membranes. Our results are mostly in a good accordance with earlier studies using complete colon tumor tissues \[[@pone.0228010.ref011], [@pone.0228010.ref040], [@pone.0228010.ref041]\]. The increased PL content may be associated with enhanced membrane synthesis accompanying accelerated cancer cell proliferation. Indeed, PC, as well as choline metabolites derived from its synthesis and catabolism, contribute to regulation of cell proliferation and survival \[[@pone.0228010.ref055]\]. Increased levels of specific PLs have been observed also in other cancer types, including lung, ovarian, breast, prostate, bladder, kidney, or thyroid cancer (reviewed in \[[@pone.0228010.ref016], [@pone.0228010.ref020]\]). However, the major finding of our study is the importance of full MW profiles of individual PL classes for discrimination between tumor and non-tumor cells. We then also identified as discriminating a specific subset of lipid species within a particular PL class. Within PC, saturated and monounsaturated lower MW species, as well as higher unsaturated MW species were significantly increased in tumor epithelial cells (for their expected FA composition, see [S2 Table](#pone.0228010.s006){ref-type="supplementary-material"}). In case of PE and PS, some species with higher MWs were significantly increased in tumor cells, although the degree of their unsaturation varied. For PI, inverse significant differences in two MW species corresponding to composition 18:0/20:2 (higher in tumor cells) and 16:0/18:2 (higher in normal cells) were identified. Interestingly, also in other PL classes we detected some PL species that were reduced in tumor cells (see [Table 2](#pone.0228010.t002){ref-type="table"}). These results obtained with isolated EpCAM-positive cells can be presently compared only with the studies using whole tumor tissues. Increased levels of PC (16:0/16:1) have been found in tumor tissue of CRC \[[@pone.0228010.ref042]\]. Here, we have also observed increased PC with MW 731.7 (which corresponds to PC 16:0/16:1). Using a similar analytical technique, MALDI imaging mass spectrometry, Mirnezami et al. have reported elevated levels of PC 16:0/18:1 in colon tumor samples \[[@pone.0228010.ref056]\]; however, this particular PC was not among the most altered PL species in our samples.

Some discriminating species in our study also contained similar saturated and monounsaturated acyl chains. Increased levels of such PLs could be attributed to increased endogenous FA synthesis due to overexpression of key enzymes (FA synthase and stearoyl-CoA desaturase) in cancer tissue, including colon cancer microenvironment \[[@pone.0228010.ref057]\]. Nevertheless, we detected also significantly discriminating PC, PE and PS species containing longer and more unsaturated acyl chains. This is of interest, as several PE species, such as PE (38:6) or PE (40:4), have been reported to be up-regulated in CRC tissues as compared to normal tissues \[[@pone.0228010.ref058]\].

Alterations of PL profiles in cancer cells have been shown to promote activity of pro-survival signaling pathways or to modulate their invasivity \[[@pone.0228010.ref059], [@pone.0228010.ref060]\]. This is particularly relevant for PIs, which play some key roles in membrane dynamics and signal transduction pathways. Here, enrichment with specific acyl chains may contribute to their specificity, as e.g AA-containing PIs oscillate during the cell cycle and inhibit Akt kinase membrane binding, thus suppressing cell proliferation \[[@pone.0228010.ref061]\]. PS plays a key intracellular function as the precursor of PE; however, it also modifies catalytic activities of several key signaling proteins such as dynamin-1, protein kinase C or annexin V, and PS exposure on cell surface represents a signal for the recognition of apoptotic cells by phagocytic cells \[[@pone.0228010.ref062]\].

Finally, we found that the most abundant PL species in primary epithelial cells were also the most abundant PL species found in model colon cell lines. Thus, when we compared individual PL profiles of the two studied cell lines (NCM 460 with HCT-116 or SW480 cells) with patient's derived primary non-tumor and tumor epithelial cells, we observed, in spite of overall higher PL levels in cell lines, significant similarities between overall PL profiles of a cell lines and the respective clinical material. Thus, epithelial cell lines derived either from normal colon tissue or from CRC cells could be employed as models for functional lipidomic studies in colon cells. Nevertheless, it should be stressed that, although we identified several specific PL species to exhibit similar ratios in tumor vs. non-tumor cells, as in NCM460 vs. adenocarcinoma cell lines, there were also some PL species exhibiting opposite trends in primary colon cells and in permanent colon cell lines, including PC MW 731.7, PI MW 862.6 or PS MW 787.6. This suggests that colon cell lines as models for lipidomics may also have some limitations (as discussed above in case of metastatic SW620 cell line). For example, changes associated with immortalization of non-tumorigenic colon cells (such as NCM460 cells) could also partly alter their PL profiles. Therefore, the data from *in vitro* cell lines should be interpreted with caution and, ideally, these experiments should be combined with analyses of primary colon cells for validation of the cell line-derived data.

In conclusion, PL profiling was found to allow for a successful discrimination among colon epithelial cell lines derived from normal colon tissue, or, at various stages of cell transformation. The present results confirm that cell transformation may lead to a significant deregulation of some PL species, which is reflected also in their differences among various colon cell lines. Importantly, for the first time, we performed a detailed analysis of PL profiles in isolated primary epithelial (EpCAM-positive) colon tumor cells from CRC patients and compared them with adjacent non-tumor epithelial cells isolated from the same donor. Here, we found increased levels of all PL classes in primary tumor cells, and we identified some specific lipid species within their profiles, with a potential to distinguish between tumor and non-tumor cells. The overall similarities of PL profiles between colon cell lines and isolated colon epithelial cells also suggest that permanent colon cell lines could serve as suitable models for lipidomic analyses. Nevertheless, when investigating the PL-dependent mechanisms regulating colon cancer cell survival, proliferation and differentiation, or, when evaluating therapeutic approaches targeting lipid metabolism, the CRC-derived cell models certainly have also some limitations. In future studies, it will be important to establish both biological significance and the mechanisms responsible for the observed up-regulation or down-regulation of individual PLs in colon tumor cells.

Supporting information {#sec017}
======================

###### Variability of primary values.

Baseline description of primary data profiles (primary peak values, average from 3 replicates and corresponded standard error---SE). The variability of the primary estimates is associated (is growing) only with the value of peak area (A) but still with a small coefficient of variance. The analysis proved that standard error of the repeated estimates is fully random, not specifically associated with measured compounds or their characteristics, such as e.g. molecular weight (B).

(PDF)

###### 

Click here for additional data file.

###### Relation between molecular weights or number of double bonds peak areas in individual phospholipid classes.

Cumulative peak areas (primary data) according to lipid species molecular weights and number of double (D) bonds within phosphatidylcholines (PC), phosphatidyletanolamines (PE), phosphatidylinositols (PI), and phosphatidylserines (PS) are shown for all colon epithelial cell lines. Molecular weight is the main covariate of the total PL content in all the cell lines; the biggest differences in PC, PE and PS amount among the cell lines are generated by the content of species with molecular weight in the range 680--830. Within this range, the differences among the lines in the total PL content are established and species with higher molecular weight than 830 do not further contribute to the differencing. On the contrary, the most discriminating PI species are those with MW\>830. Increment in number of double bonds did not significantly influence changes in the total amount of PC, PE and PS classes---their content in all compared cell lines significantly increases due to contribution of PL compounds with low degree of saturation, i.e. with ≤ 1 double bond. Only PI species with higher double bond number (2--5) are also contributing significantly to total lipid mass.

(PDF)

###### 

Click here for additional data file.

###### Relation between molecular weights or number of double bonds and peak area in TAGs and CholE.

Cumulative peak areas (primary data) according to lipid species molecular weights and number of double (D) bonds within triacylglycerols (TAG) and cholesterol-esters (CholE) are shown for all colon epithelial cell lines.

(PDF)

###### 

Click here for additional data file.

###### Comparison of PL profiles between patient-derived primary cells and NCM460/ SW480 cell lines.

Relative distribution (i.e. sum of all shown MW species gives 100%) of specific PL species in non-tumor and tumor primary epithelial cells (mean value, n = 8) as well as non-tumor (NCM460) and tumor (SW480) derived cell lines. Carbon and double bond (DB) numbers are shown in parentheses. Only PL species, which were above detection limit both in patient's samples and in cell lines are shown here.

(PDF)

###### 

Click here for additional data file.

###### Analysis of variance of peak areas (log-scale).

A detailed analysis of repeated estimates (3 independent repeats) of phospholipid profiles confirmed a high degree of repeatability of the experimental outcomes. Analysis of variance (performed on log-scaled peak areas) revealed coefficient of variance in the range of 16.1--22.1% which confirms effective normalization of the peak data base on logarithmic transformation. Random error exhausted only 0.09% of the overall experimental variance (calculated as a proportion of the total sum of squares). Furthermore, test of homogeneity of variance among compared cell lines proved acceptable homogeneity (*p* = 0.184) which enables a direct comparison of lipid profiles among lines.

(PDF)

###### 

Click here for additional data file.

###### Suggested fatty acid (FA) pattern of phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS) and phosphatidylinositol (PI) species according to their molecular weights identified in colon cellular models.

(PDF)

###### 

Click here for additional data file.
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APPI

:   atmospheric pressure photoionization

C

:   carbon

CholE

:   cholesteryl-ester

CRC

:   colorectal cancer

DB

:   double bond

EpCAM

:   epithelial cell adhesion molecule

ESI

:   electrospray ionization

FA

:   fatty acid

FBS

:   fetal bovine serum

HPLC

:   high performance liquid chromatography

LC-MS/MS

:   liquid chromatography-tandem mass spectrometry

MW

:   molecular weight

N

:   non-tumor cells

PC

:   phosphatidylcholine (diacylglycerophosphocholine)

PCA

:   principal component analysis

PE

:   phosphatidylethanolamine (diacylglycerophosphoethanolamine)

PI

:   phosphatidylinositol (diacylglycerophosphoinositol)

PL

:   phospholipid; PS, phosphatidylserine (diacylglycerophosphoserine)

PUFA

:   polyunsaturated fatty acid

RT

:   room temperature

T

:   tumor cells

T/N

:   tumor/non-tumor cell ratio

TAG

:   triacylglycerol
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